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Abstract 
The scintillation response of Lu3Al5O12:Pr3+ (LuAG:Pr) single crystal was investigated and compared to the response 
of a reference Bi4Ge3O12 (BGO) crystal for gamma ray energies ranging from 32 to 1,274.5 keV. The light yield and 
energy resolution were measured using photomultiplier tube (XP5200B PMT) readout. For 662 keV gamma rays 
(137Cs source), an energy resolution of 6.5% obtained for LuAG:Pr is much better than that of 9.0% obtained for 
BGO. The light yield non-proportionality and energy resolution versus energy of gamma rays were measured and the 
intrinsic resolution of the crystals was determined after correcting the measured energy resolution for PMT statistics. 
The LuAG:Pr showed a good proportionality of the light yield within 5% over the energy range from 1,274.5 keV 
down to 32 keV, which is much better than that of 14% for BGO. The photofraction was determined at 662 keV for 
both crystals and compared with the ratio of the cross-sections for the photoelectric effect to the total one calculated 
using WinXCOM program. 
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1. Introduction 
 Research and development of new scintillator materials is mainly triggered by the growing needs of 
modern medical imaging and high-energy physics research. A number of Ce3+-doped oxides based 
scintillators have been studied, Gd2SiO5:Ce (GSO:Ce) [1], Lu2SiO5 (LSO:Ce) [2], (Lu,Y)2SiO5:Ce 
(LYSO:Ce) [3, 4], Lu2Si2O7:Ce (LPS:Ce) [5], and Lu3Al5O12:Ce  (LuAG:Ce) [6, 7]. These scintillators 
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exhibit desirable properties for J-ray detection: high stopping power, high light output and fast scintillaion 
decay. 
 Pr3+-doped Lu3Al5O12 (LuAG:Pr) single crystal was recently reported as a new, even faster and 
efficient scintillator [8-10]. The density of LuAG is about 6.67 g/cm3 and its effective atomic number is 
about 59. LuAG:Pr exhibits high light yield of almost 300% of Bi4Ge3O12 (BGO) [9] and very good 
energy resolution of 4.6–5.2% at 662 keV J-rays [11, 12]. These properties make LuAG:Pr a very 
promising scintillator for J-ray detection.  
     In this paper, we report on the evaluation of gamma-ray responses of LuAG:Pr with crystal and 
compared with those of BGO crystal over energy range from 32 to 1274.5 keV. The light yield non-
proportionality and energy resolution versus energy of gamma rays were measured and the intrinsic 
resolution of the crystals was determined after correcting the measured energy resolution for PMT 
statistics. The photofraction was determined at 662 keV for both crystals and compared with the ratio of 
the cross-sections for the photoelectric effect to the total one calculated using WinXCOM program. 
2. Experimental 
 The LuAG:Pr crystal was grown by Czochralski method at Crytur Ltd (Czech Republic) with Pr3+ 
concentration of 0.19 mol% in the crystal[13]. Plate of 7u7u1 mm3 was cut and polished for all 
measurements. For comparison, a 7u7u1 mm3 plate of BGO single crystal grown by Bridgman method at 
the Shonan Institute of Technology (Fujisawa, Japan) was also measured.  
 Photoelectron yield and energy resolution were measured by coupling the crystals to a high blue 
photocathode sensitivity (12.5PA/lmF) Photonis XP5200B PMT using silicone grease and covered with 
several layers of Teflon (PTEE) tape. The signal from the PMT anode was passed to a Canberra 2005 
preamplifier and was sent to a Tennelec TC243 spectroscopy amplifier. The measurements were carried 
out with 4 Ps shaping time constant in the amplifier. The PC-based multichannel analyzer (MCA), Tukan 
8k [14] was used to record energy spectra.  
 The light yield expressed as a number of photons per MeV (ph/MeV) of absorbed gamma photon, was 
measured by comparing the response of LuAG:Pr crystal to 662 keV J-rays (137Cs source) to the response 
of a reference BGO crystal(which was assumed to have light output of a8,500 ph/MeV), and by taking 
into account the photocathode quantum efficiency of PMT for BGO and LuAG:Pr emission wavelengths.  
3. Results and discussion 
3.1 Light yield and energy resolution 
 Fig. 1 presents the pulse height spectra of 662 keV J-rays from a 137Cs source as measured with 
LuAG:Pr and BGO crystals under identical operating conditions. Note a good energy resolution of 6.5% 
(FWHM) obtained with LuAG:Pr at room temperature(RT), which is much better than that of  9.0% 
observed with BGO This is due to higher light output and better proportionality of light yield for 
LuAG:Pr, see below. Poorer energy resolution for a studied LuAG:Pr than that reported in Refs. [11, 12] 
could be associated with its lower light output and lower quality. Note a higher photofraction in the 
spectrum measured with the BGO crystal, as would be expected due to a higher effective atomic number 
and density of the BGO crystal. 
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    Based on the recorded photopeak positions and by taking into account the photocathode quantum 
efficiency for LuAG:Pr (a23%) and  BGO (a18%), we estimated the light yield of LuAG:Pr (0.19%) to 
be about 13,350 and ph/MeV. The photoelectron yield, light yield and energy resolution for both crystals 
at 662 keV J-rays are presented in Table 1. Note a significantly lower light output from the studied 
LuAG:Pr crystal compared to that quoted for the samples in Refs.[11,12]. In contrast, the studied BGO 
exhibited a higher photoelectron yield (light output decreases with increasing crystal height) than that 
reported by Moszynski et al.[15], which result in very good energy resolution of 9.0% as measured at RT. 
Note the KX-ray escape peak which is well separated from the 662 keV photopeak. 
 
Table 1. Photoelectron yield, light yield and energy resolution at 662 keV J-rays for LuAG:Pr and BGO crystals 
 
Crystal Photoelectron yield                     (phe/MeV) Light yield (ph/MeV) Energy resolution (%)
LuAG:Pr
BGO
3,070 ± 160 
1,530 ± 80 
13,350 ± 1330 
8,500 ± 850 
6.5 ± 0.2 
























Fig. 1. Pulse height spectra of 662 keV J-rays from a 137Cs source as measured with LuAG:Pr  and BGO crystals under identical 
operating conditions. 
 
The energy resolution ('E/E) of a full energy peak measured with a scintillator coupled to a PMT can 
be written as [16]  
 
('E/E)2 = (Gsc)2 + (Gp)2 + (Gst)2,                                                                (1) 
 
where Gsc is the intrinsic resolution of the crystal, Gp is the transfer resolution and Gst is the statistical 
contribution of PMT to the resolution. 
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The statistical uncertainty of the signal from the PMT can be described as  
 
Gst = 2.355 u 1/N1/2 u (1 + H)1/2,                                                           (2) 
 
where N is the number of the photoelectrons and H is the variance of the electron multiplier gain, equal to 
0.1 for an XP5200B PMT. 
Overall energy resolution and PMT resolution can be determined experimentally. If Gp is negligible, 
intrinsic resolution Gsc of a crystal can be written as follows  
 
(Gsc)2  =  ('E/E)2  -  (Gst)2.                                                (3) 
 
 Fig. 2 presents the overall energy resolution as a function of J-ray energy, measured for LuAG:Pr and 
BGO crystals. Over the energy range from 32 to 1274.5 keV, the overall energy resolution of LuAG:Pr is 
much better than that of BGO. Fig. 3 presents a direct comparison of the intrinsic resolution for both 
crystals. An analysis of the energy resolution at 662 keV photopeak for LuAG:Pr and BGO detectors is 
presented in Table 2. The lower intrinsic resolution of LuAG:Pr crystal should be reflected in better 
proportionality of light yield versus energy of J-rays, as the non-proportionality of light yield is a 
fundamental limitation to intrinsic energy resolution [17]. 
 
Table 2. Analysis of the 662 keV energy resolution for LuAG:Pr and BGO crystals 
 
 Energy resolution [%]  Detector N at 662 keV 
(electrons) 
ǻE/E įst įsc 
LuAG:Pr - PMT 











Fig. 2. Overall energy resolution of LuAG:Pr and BGO crystals. 
Error bars are within the size of the points. 
Fig. 3. Intrinsic energy resolution of LuAG:Pr and BGO 
crystals. Error bars are within the size of the points. 
 
3.2 Non-proportionality of light yield  
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        Non-proportionality of light yield is defined here as the ratio of light yield measured at specific J-ray 
energies relative to the light yield at the 662 keV J-peak. Non-proportionality of light yield was measured 
for LuAG:Pr crystal using J-ray sources with energies ranging from 32 keV up to 1274.5 keV. The data 
presented in Fig.4 exhibit a high proportional scintillation response of LuAG:Pr. Over the energy range 
from 1274.5 keV down to 32 keV, the non-proportionality in its light yield is about 5% which is much 
better than that of about 14% for BGO. The higher proportionality response of LuAG:Pr with respect to 
BGO  is reflected in its lower intrinsic resolution, see Fig.3.  The proportionality behavior obtained in this 
measurement for a small LuAG:Pr sample (7×7×1 mm3) is about the same (decrease less than 6% down 
to 32 keV) as the ones measured for larger samples 10×10×5 mm3[11] and 10×10×10 mm3 [15].These 
results demonstrate that the non-proportionality response of LuAG:Pe crystal is not strongly affected by 




Fig. 4. Non-proportionality of light yield (normalized to the value at 662 keV) as a function of J-ray energy of LuAG:Pr and BGO 
crystals.  Error bars are within the size of the points. 
 
 
Table 3. Photofraction in the pulse height spectra of 662 keV J-rays as measured for LuAG:Pr and BGO crystals. 
 










 The photofraction is defined here as the ratio of counts under the photopeak (including X-ray 
escape peak) to the total counts of the spectrum as measured at a specific J-ray energy. The photofraction 
for LuAG:Pr and BGO at 662 keV J-rays is collected in Table 3. For a comparison, the ratio of the cross-
sections for the photoelectric effect to the total one calculated using the WinXCom program [18] is given. 
The data indicate that BGO shows higher photofraction than LuAG:Pr in a same trend with the cross-
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section ratio (V-ratio) obtained from the WinXCom program. The reason is due to higher effective atomic 
number (75 vs 59) and density (7.13 vs 6.67 g/cm3) of the BGO crystal. 
4. Conclusion 
     The scintillation properties of small LuAG:Pr and BGO crystals were studied for J-ray detection. The 
high energy resolution of 6.5% for 662 keV J-rays obtained with LuAG:Pr is much better than that of 
9.0% for BGO. The LuAG:Pr has high light yield of about 13,350 ph/MeV measured with 4 μs shaping 
time. It exhibits very good proportionality of light yield, down to 32 keV, which results in a good energy 
resolution. This fact and together with a considerable high detection efficiency for J-rays (aUZ4eff) will 
make LuAG:Pr the scintillator of choice for J-ray spectrometry and medical imaging. A high speed of fast 
component (a20 ns) in the scintillation pulse [13] and high light yield also assure the capability of 
LuAG:Pr crystal for high counting rate measurements and fast timing applications.
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